other; finally, there is precedent for actin's involvement direct role for MreB in the segregation of a specific region of the chromosome. We reached these concluin bacterial DNA segregation, as another bacterial actin homolog, the R1 plasmid-specific ParM protein, has sions by first characterizing a small molecule, A22, that specifically, rapidly, and reversibly perturbs MreB funcbeen directly implicated in R1 plasmid partitioning that origin-proximal loci segregate through an MreBdependent mechanism, and that the rest of the chrotermination, polar protein localization, and cell division. Thus, it remains unclear whether MreB plays a primary mosome follows the origin using an MreB-independent mechanism. The ability of A22 to block DNA segregarole in chromosome segregation, or if MreB's effect on chromosome dynamics is a secondary consequence of tion without affecting DNA replication also demonstrates that the process of replication is not sufficient to other functions.
Here we present the first evidence that supports a separate chromosomes, as was previously proposed. Finally, we used chromatin immunoprecipitation assays teriostatic but not bacteriocidal. At a concentration of 1 g/ml, A22 partially slowed colony formation, and at to demonstrate a specific physical association between MreB and origin-proximal loci. Together, these results 0.1 g/ml or methanol alone, colony formation was unperturbed ( Figure 1C 1D-1F ). At 0.1, To dissect the cellular activities of Caulobacter MreB, we sought a method to acutely perturb MreB function. 1, and 10 ug/ml, A22 both slowed cell growth and altered cell shape, while treatment with 100 g/ml A22 mreB mutants are lethal, and genetically depleting mreB is slow, requiring multiple cell cycles before MreB completely blocked growth but did not cause Caulobacter to round up ( Figure 1D ). This result sugprotein levels are significantly reduced ( and a control wild-type strain. Each of the 20 A22-resistant strains contained a single missense point mutation min in rich PYE medium, a decline in growth rate was observed as early as 30 min after A22 treatment, sugin its mreB gene, whereas the wild-type A22-sensitive strain had no mreB point mutations (Table 1) . Though gesting that A22 rapidly exerts its effects on the cell. This rapid effect on cell growth could be due to a disisolated independently, the 20 strains had only 7 different point mutations: one specific point mutation was ruption in cell wall deposition or could reflect a secondary response to some other cellular perturbation.
found in 10 of the strains, another specific point mutation was found in 5 of the strains, and 5 additional point To assess the impact of A22 on cell division and survival, we examined the effect of A22 on colony formamutations were found in 1 strain each. Since all 7 of these mutations affected amino acids that are contion. At 10 g/ml and higher, A22 completely halted the increase in CFU, without causing it to diminish (Figure served between Caulobacter MreB and Thermotoga maritima MreB, they could be mapped onto the solved 1C), consistent with a block in cell division that is bac- three-dimensional structure of T. maritima MreB (van nipulation caused the A22-resistant strains to become A22 sensitive, suggesting that a mutation linked to den Ent et al., 2001). Interestingly, 5 of the 7 mutated residues are located in MreB's ATP binding site, and mreB is necessary for A22 resistance (Table 1) . Conversely, the same apramycin-resistance cassette was the remaining 2 residues reside side-by-side in a helix that also contacts the nucleotide, suggesting that A22 also integrated upstream of each of the seven different A22-resistant mreB loci. Phage transduction was used may interact with MreB's nucleotide binding pocket (Figures 2A and 2B) . All of the resistant strains grow at again, this time to replace the mreB loci of wild-type strains with the mutant mreB. In each case, the resulta similar rate in rich PYE medium (w115 min/doubling), which is slower than wild-type cells without drug (87 ing strains became A22 resistant, indicating that each of these mreB mutations is sufficient to confer resismin/doubling), but they are largely unaffected by the presence of A22 (w115 min/doubling) ( Table 1 ). All of tance, and suggesting that there are no unlinked mutations in the strain backgrounds that are necessary for the resistant strains also exhibit a slightly abnormal morphology, with cells that were uncharacteristically resistance (Table 1) . Thus, mreB missense alleles appear to be necessary and sufficient for A22 resistance. straight and long, and exhibited occasional kinks (Figure 2C) . The perturbation in cell shape is consistent with an effect on MreB's role in cell-shape determina- We constructed a fusion of the most common A22-3A). MreB puncta and bands were largely maintained when cells were treated with 1 g/ml or less of A22. resistant mreB missense mutation (T158A) to GFP and asked if the cellular organization of this MreB mutant is Since 10 g/ml of A22 strongly delocalizes GFP-MreB and blocks cell division without completely inhibiting maintained in 10 g/ml of A22. This fusion was expressed in the corresponding A22-resistant strain, procell growth, we focused most of our subsequent A22 studies on this concentration. ducing merodiploid cells containing both GFP-tagged and -untagged mutated mreB, but no wild-type mreB. The onset of A22's effect on GFP-MreB is very rapid: the GFP-MreB delocalized within 1 min ( Figure 3B ).
A22 Rapidly and Reversibly Delocalizes GFP-MreB
These cells still exhibited a punctate MreB localization but did not appear to fully condense their spirals into A22's effect on GFP-MreB is rapidly reversible. Diluting the A22 concentration of cells treated with A22 for 1 hr rings ( Figure 2C ). Since this mutation in the MreB ATP binding pocket perturbs MreB dynamic localization, nuby mounting them on pads lacking A22 leads to a full recovery of MreB localization within 1 min ( Figure 3C ).
cleotide hydrolysis may play a role in regulating MreB dynamics. The localization of the mutated GFP-MreB GFP-MreB was monitored in the same cells before, during, and after A22 treatment by timelapse imaging of was completely unaffected by treatment with A22 (Figure 2D) . Together, all of these results strongly suggest cells in a flow chamber that allows A22 to be washed in and out (Figures 3D-3F ). A22 delocalized both MreB that MreB is the target of A22. spirals (puncta) and rings (bands), though MreB rings took longer to delocalize completely, suggesting that A22 Treatment Blocks Chromosome Segregation Having established that A22 targets MreB and rapidly they may be more stable or may consist of more MreB filaments than the spirals. Cells generally retained a disrupts its localization, we used A22 to assess the acute role of MreB in chromosome segregation. To this memory of the MreB structure present before A22 treatment (Figures 3D-3F) . Cells with rings recovered rings, end we took advantage of strains previously generated in our group that use the fluorescent repressor-operator cells with spirals recovered spirals, and cells with par- (Figures 4B, 4C, and 4F ). This effect was reversible, since cycle once resuspended in fresh medium. Swarmer cells contain only one chromosome, oriented such that upon washing out the A22 drug, the origins were rapidly and normally segregated (data not shown). The origin the origin of replication is at the flagellated pole, the terminus is at the other pole, and all other loci are linsuccessfully segregated when this A22 treatment was repeated with cells whose wild-type mreB locus was gated loci. A22 thus appears to block chromosome segregation when added to cells prior to the replication replaced with the T158A A22-resistant mreB allele (Figure 4D) . This result confirms that A22 affects chromoand polar movement of the origin. Moreover, the act of DNA replication in and of itself seems to be insufficient some segregation by acting on MreB and not another target.
to move two loci apart. To address this question, cells double-labeled at the both copies of each locus remain stuck together and cannot be resolved. We thus used several independent origin and CC2943 were synchronized ( Figures 6A and  6B ). This time, however, we did not immediately treat assays to distinguish between A22 impairment of DNA replication or chromosome segregation. the swarmer cells with A22 but rather waited until the duplicated origins had moved to the poles (30 min) beWe first examined the incorporation of radiolabeled dGTP into DNA, which linearly correlates with the rate fore adding A22. At this point in the cell cycle, the CC2943 locus has yet to replicate. Consequently, such of DNA replication (Marczynski and Shapiro, 1992) . Asynchronous cultures incorporated the same level of cells exhibit two origin foci but only one CC2943 focus. Surprisingly, these cells proceeded to replicate and radioactivity regardless of whether or not they were treated with A22, directly demonstrating that A22 does separate their CC2943 locus into two foci ( Figure 6 ). The ability of the CC2943 locus to duplicate and sepanot interfere with bulk DNA synthesis (data not shown). To assess the effect of A22 on DNA replication during rate in the presence of A22 supports the conclusion that A22 does not block replication. In addition, this the cell cycle, the radiolabeled nucleotide incorporation assay was repeated using synchronized cultures at difresult suggests that the origin and CC2943 move apart through separate sequential mechanisms, with the oriferent points in the cell cycle. Untreated cells display a dramatic rise in radioactivity levels characteristic of gin being dependent on, and CC2943 independent of, MreB. DNA replication initiation at the swarmer-to-stalked cell transition ( Figure 5A) ; 30-40 min. This rise in radioactivSince the origin and CC2943 differ in their dependence on MreB for segregation, similar experiments (in ity levels was also observed in A22-treated cells. A22 treatment slightly delayed replication initiation, though which the MreB A22 inhibitor was added to synchronized cultures after the origin had duplicated and this delay is insufficient to explain A22's dramatic inhibition of chromosome movement. Cells treated with hymoved poleward) were performed on cells doubly labeled at their origins and sites in between CC2943 (840 droxyurea (HU), a replication inhibitor, exhibited no such increase in radioactivity levels ( Figure 5A) . kb to the left of the origin) and the origin. One of these strains was fluorescently tagged at CC3300 (460 kb to To assess the ability of these cells to assemble a replisome at the replication origins, A22 was administhe left of the origin), and one at CC3656 (100 kb to the left of the origin) ( Figure 6A ). These loci behaved just tered to cells expressing a fusion of GFP to the HolB subunit of DNA polymerase. Known inhibitors of DNA like CC2943: they duplicated and separated in the presence of A22 so long as the drug was administered after replication, HU ( Figure 5B ) and novobiocin (data not shown), can cause the rapid delocalization of HolBorigin segregation ( Figure 6E ). An additional locus 100 kb to the right of the origin (CC0091) was also not de-GFP (Jensen et al., 2001 ). One hour of A22 treatment, however, had no effect on HolB-GFP localization (Figpendent on A22 for the separation of its loci following duplication ( Figure 6E ). Thus, A22 appears to affect the ure 5B), demonstrating that A22 allows the replisome to form. separation and movement of only a relatively small portion of the genome located near the origin. Since A22 blocks neither the initiation nor the procells were synchronized and grown in medium lacking A22 for 50 min, a length of time that has been pregression of DNA replication, we conclude that cells labeled at the origin and CC2943 and treated with A22 viously established as more than sufficient to allow origin duplication and segregation (Viollier et al., 2004) . actually contained two copies of each of these loci. Since only one focus was observed for each, these foci After 50 min, A22 was added, the cells were mounted onto agarose pads containing A22, and they were timemust have contained two tightly associated, unsegre- When A22 is added to swarmer cells in which the origin other genes were found to cause resistance to this drug. Thus, A22 is highly specific for MreB. The combiand an origin-distal locus are tagged with fluorescent markers, neither locus separates into discernable foci. nation of A22's high specificity and rapid perturbation of MreB localization make it particularly useful for the Since A22 does not block replication initiation and a full round of replication occurs in the presence of A22, we temporal analysis of MreB function.
A22 Treatment Does
In addition to demonstrating specificity, the A22-conclude that these loci are duplicated, but that the replicated loci do not move apart. As a result, the fluoresistant mreB alleles shed light on how A22 might interact with MreB. The mutated residues are dispersed rescence foci from each duplicated locus cannot be resolved, causing them to appear as a single dot. some, define the protein complex that interacts with
